Chemical vapor deposition (CVD) grown single layer graphene was purchased from ACS Material (http://www.acsmaterial.com/). Graphene was transferred to 50 nm thick silicon nitride membranes (SN100-A50Q33, http://www.temwindows.com/) using a wet transfer with polycarbonate as a support layer 31 .
A piece of copper with graphene (Cu-Gr) was cut to a size of 8 mm × 8 mm with a razor blade and taped (Scotch® tape) along the edges of the copper onto the center of a 1 in × 3 in glass slide. A bead of polycarbonate (Sigma Aldrich, CAS#25037-45-0) was dissolved in chloroform (Sigma Aldrich, CAS#67-66-3), resulting in a 1.5% w/w solution. The (Cu-Gr) was loaded onto a spin coater and a 20 µL volume of the polycarbonate solution was spin-coated at a spin speed of 2200 rpm for 30 s. Residual chloroform was allowed to evaporate for at least three hours, resulting polycarbonate -graphene -copper (Cu-Gr-PC) stack.
Next, a smaller piece of (Cu-Gr-PC), typically ~ 6 mm × 6 mm was cut free of the glass slide. The (Cu-Gr-PC) was flipped over and exposed to oxygen plasma (Harrick Plasma PDC-32G, 7.16 W plasma at pressure of 700 mTorr with atmospheric composition) for 30 s to remove any graphene on the backside. The (Cu-Gr-PC) was then placed on the surface of a copper etchant bath (APS-100, http://www.transcene.com) with the exposed copper facing downwards. For the duration of the etch, the copper etchant bath was loaded into a metal pressure vessel and pressurized to two atmospheres in order to minimize bubble formation from the etching process. After one hour, the bath was unloaded, and full etching of the copper was visually verified. Next, the (Gr-PC) was scooped up and placed into a series of four to five deionized water baths to remove any copper etchant. The (Gr-PC) was allowed to sit for 20 min in each deionized water bath.
Heterogeneous sub-continuum ionic transport in statistically isolated graphene nanopores 2 The silicon nitride membrane (SiN x ) was patterned with a single support hole using a Ga + Focused Ion Beam (Helios 600). The dose was calibrated to ensure that the diameter of the support hole was consistently between 30 and 40 nm 30 . The patterned SiN x membrane was treated with oxygen plasma for 15 s at (7.16 W plasma at pressure of 700 mTorr with atmospheric composition). The washed graphene floating on a DI water bath was then scooped up onto the SiN x membrane. The resulting (SiN x -Gr-PC) complex was placed on a glass slide. Residual water between the nitride and the graphene was allowed to evaporate for 24 h prior to further processing.
As the final step of the transfer process, the polycarbonate support on the graphene was dissolved with chloroform. The (SiN x -Gr-PC) was placed into a chloroform bath. Using an autopipette, chloroform in the bath was withdrawn and replaced with fresh chloroform. After all of the chloroform volume in the bath was replaced four times to fully remove residual polycarbonate, the chloroform was allowed to evaporate, leaving the silicon nitride with the transferred graphene membrane.
Supplementary Figure 1:
Graphene over silicon nitride support holes with controlled sizes ranging from 40 nm to 20 nm b Acquisition and Analysis of STEM Images Acquisition of STEM images was identical to the methods reported in O'Hern et al. 15 .
The nanopore size distribution was estimated from aberration-corrected scanning transmission electron microscope images (e.g., Fig. 1d -f ). From a set of twenty-four images, sixty-four nanopores were identified. The area of each nanopore was measured in ImageJ, and then the effective diameter was computed as that of a circle with the same area. The distribution of pores relevant to this study, having diameters less than 2.25 nm, is presented in Fig. 1g .
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Graphene Flow Cell Filling and Rinsing Protocols
In order to measure ionic currents across the small graphene area, the as-prepared graphene samples were mounted into a custom flow cell that allows for solutions to be rinsed across both sides of the membrane, as described previously by Jain et al 32 . To begin with, a set of five solutions ({1} Ethanol, {2} 80% Ethanol / 20% Water {3} 50% Ethanol / 50% Water {4} 20% Ethanol / 80% Water, and {5} Water) was degassed.
3
Ethanol was used as the first solvent for ensuring that the graphene surface and the silicon nitride nanopore were all properly wetted. Each solution was rinsed across both sides of the membrane, starting with the first solution, (ethanol), and ending with the last solution, (water). The sample was deemed ready for measurement once deionized water was rinsed across both sides of the membrane.
When introducing a new solution on either side of the membrane, it was critical to make sure that the old solution is completely rinsed out, and that the local concentration of the solution in contact with the membrane was indeed equal to the concentration of the new solution. After the old solution was removed from both fluid reservoirs, the new solution was rinsed through the flow cell. The volume of the new solution that was rinsed through was three times the reservoir volume (~0.5 mL × 3 = 1.5 mL), and significantly larger than the interior fluid volume in the flow cell (at < 5 µL). Separate conductance measurements were performed after successive rinses to verify that the protocol reproducibly rinsed both sides of the membrane.
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Measurement of Current -Voltage Characteristics
To measure current -voltage (I-V) characteristics, we used a patch-clamp amplifier (Axopatch 200B, http://www.moleculardevices.com/) with silver/silver chloride electrodes (E255, http://www.invivometric.com/) to transduce the ionic current into an electronic current. The patch-clamp amplifier was operated in voltage-clamp mode, which allows for a fixed voltage to be applied across the graphene membrane while recording currents. Voltage control and digitization of analog signals (Digidata 1440A) are both programmed using free automation software, AutoIT. Current traces are typically 10 s long; the long duration of the current traces allows for resolving lower frequencies in the power spectral densities (PSD). All current measurements were filtered with a 5 kHz 8-pole Bessel filter, and sampled at 25 kHz.
Once the graphene transfer and measurement protocol were fully developed, each graphene membrane that was measured was assigned a device number. The devices were numbered chronologically, such that device 1 was the first device tested, device 2 the second device tested, and so on.
For the I-V curves, the current was first recorded in the absence of an applied bias. Then, the voltage is stepped down to the maximal value of the negative voltage (-200 mV). To ensure that all measurements taken are in steady state conditions, the program waits 120 s before recording the current at this voltage. The two-minute delay was longer than both the RC time constant of the amplifier, nanopore membrane, and any relaxation electrokinetic timescales. The voltage was then stepped up in pre-specified increments (10 mV) up to the maximum voltage (200 mV). Corresponding to the smaller step size for subsequent voltage steps, the delay time prior to measurement was smaller (60 s). Real time traces with no applied voltage were measured before and after the I-V curve in order to determine, and subtract, any drift in the baseline during the course of the measurements.
For devices 1 and 2, the voltage step was 20 mV, and the measurement duration was 5 s. For data in Figures 3b -d , the current traces were 60 s long, the voltage was swept from 4 -800 mV to 800 mV, and the wait times were 240 s for the first and last voltage steps to/from 0 mV, and 120 s between the remaining voltage changes.
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Calculation of Ohmic Conductance and Nonlinear Parameters
Characterizing the nonlinear relationship between the applied voltage and the ionic current can provide important insight into the physics of ionic transport across the graphene nanopore. In particular, comparing the conductance at higher voltages (where the curve is nonlinear) to the Ohmic conductance (where the curve is linear) can provide a meaningful description of the overall nonlinearity.
The Ohmic conductance is theoretically defined for small voltages compared to thermal energy, . Experimentally, the Ohmic conductance is found by computing the slope of the IV curve for .
The basis for describing nonlinearity in this paper is the parameter, .
(S1) At low voltages, the current-voltage curve is linear, and therefore, the nonlinear parameter, . Any non-linearity therefore results in a non-zero value for .
In this manuscript, we use a rectification ratio, Rc, to characterize the degree of rectification. We define the rectification ratio:
iff According to this definition, a rectification ratio of one (Rc = 1) means that the curve is not rectified. Values larger than one indicate larger rectification, and values less than one are not possible.
In our experiments, Device 4 had mostly linear I-V curves, device 8 had pre-dominantly activated I-V profiles and device 3 had mix of linear, activated, and rectified I-V curves across all salts.
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Control Experiments
We performed a number of negative and positive control experiments to verify that the measured current was passing through a nanopore in the graphene membrane. The results demonstrated that our flow cell can resolve any conductances higher than 10 pS.
Transport between silicon nitride and graphene has not been reported in any of the previously published papers on larger (> 2 nm) graphene nanopores. As it is not possible
to reliably fabricate a graphene device with explicit knowledge that there are no nanopores available for direct transmembrane conductance, direct measurement of transport between the graphene and silicon nitride has remained a major challenge. In this section, we do not directly measure the interlayer transport conductance between graphene and SiN x . However, we devise control experiments that provide an upper bound for the interlayer conductance as described below. c. The circular cut centered around the support hole creates a pre-defined circumference through which interlayer transport can occur. The conductances in this experiment are similar, but slightly lower than in (3). This suggests that there is a very low probability that the ionic solution wets the interface between the graphene and the silicon nitride, and provides additional ion transport as a result.
Supplementary
d. If the leakage current originates from transport between the graphene and the SiN x , the conductance of this pathway would be expected to scale as , where is the radius of the support hole, and is the radius of the circular cut. In a real experiment, where no ALD is performed, and assuming wrinkles along grain boundaries provide access to interlayer transport with , the factor is only a factor of 2 times larger than the control experiment. Furthermore, we expect this factor of 2 to be compensated for the fact that a tear is likely to allow for conduction on one or two of the sides of the graphene grain, whereas our control experiment exposes the graphene to ionic conduction along the entire circumference of the milled cut. Therefore, we reason that this experiment provides a reasonable upper bound for interlayer transport in devices without ALD.
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Measuring Cation Conductances
In our experiments, we used 100 mM concentration for monovalent salts, and 50 mM concentration for divalent salts in order to ensure that (a) the chloride ion concentration was consistent across all experiments, and (b) the product, was the same for all cations, ensuring that to first order, differences in the conductance were arising from differences in the mobility of the ions, and not from differences in bulk conductivity. The five salt solutions measured were:
( The flow cell was rinsed thoroughly (using the procedure above) with each new salt solution prior to recording an I-V curve. We would first measure I-V curves for KCl and LiCl three times:
Then, we would measure I-V curves for KCl and the divalent salts three times:
This procedure was adopted so that we could average out the conductance over three measurements for each salt, and in order to use the benchmark the conductance over time with KCl. In some cases, however, due to device failure, three measurements could not be recorded for all salts. Nonetheless, for each salt, we obtained an estimate of the conductance, !"# .
The conductance can then be written for each salt as:
Where the notation !" !"# represents the conductance contribution from translocating chloride ions in an XCl solution. To first order, the conductance contribution from chloride ion translocation depends only on the chloride ion properties (in the nanopore or in bulk). Correlations between cation and anion transport, especially at the concentrations used, have a lower impact on the chloride ion transport rate. Therefore, we can write:
The above result means that the difference in conductance between two ionic solutions used (for example the difference in conductance between salt XCl and YCl) is equal to the difference in conductance of the translocating cations: Figure 3 plots experimental measurements of for several different salts, and differences in their average can be attributed primarily to differences in cation conductance.
Some of the differences between the conductances of and may also be attributed to changes in the nanopore state over time.
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The Possibility and Impact of Multiple Nanopores in the Measurement Area
The method provided in this paper isolates individual graphene nanopores statistically. While the probability of having more than one nanopore in the suspended graphene area (i.e. the measurement area) is low, it is possible that the area does contain more than one nanopore.
However, experimental measurements of the conductance across these isolated areas can still provide significant insight into the behaviors of individual nanopores, and the main conclusion of the study -that different isolated areas of graphene exhibit heterogeneous behaviors consistent with ion hydration and electrostatic effects -remain valid even in the case where more than one pore is measured.
First, the fact that 3 of the 10 devices exhibited very similar conductance in the leakage range ( Fig. 1) indicates that there were no pores in the isolated graphene areas in those devices with measurable conductance. If the pores are Poisson-distributed (randomly distributed), then the expected value of the occurrence of a pore with measurable conductance is approximately 1 per isolated area.
Even if multiple nanopores occurred in the measurement area, their conductances will add, as they represent parallel current pathways. Therefore, estimating the upper bound of the nanopore diameter assuming a single nanopore also provides an upper bound estimate if there are more than one nanopore in the measurement area.
Finally, we note that as the nanopore decreases in size, its conductance will be strongly affected by dehydration effects. If there are multiple nanopores, the most likely scenario is that one nanopore will have a larger diameter than the other(s); and because of the strong dependence of the conductance on the diameter, the largest nanopore will likely dominate the conductance unless the smaller nanopore has a much greater charge density than the larger nanopore. In other words, the large range of measured conductance makes it more unlikely that there will be two pores in the isolated area that exhibit similar conductance, yet dramatically different behaviors. If, on average, the number of functional groups on the nanopore -and therefore the charge density -scales with the nanopore perimeter, then it is very likely that a single pore dominates the conductance. As the understanding of the dynamical properties of single graphene nanopores advances, it may eventually become possible to determine whether multiple nanopores exist in the measurement area by measuring dynamical properties only.
II Transport Physics: Theory and Modeling a Ion Transport Model
Transport through ion channels has been modeled using numerous methods, including molecular dynamics (MD) simulations, Brownian dynamics (BD) simulations, and continuum methods (NP). For any model used, a separate simulation needs to be run for each (1) voltage, (2) pore diameter, (3) pore charge, and (4) charge position, and (5) salts. In this paper, this parameter space corresponds to over 1,500,000 different test conditions required for simulating the current. As a result, we considered only continuum methods, and excluded molecular dynamics and Brownian dynamics.
In principle, all methods for computing ionic flux from a nanopore structure are approximations to the molecular dynamics case when the potentials are the true quantum mechanical potentials. In practice, molecular dynamics approximates the force fields for the potentials. To arrive at the Poisson-Nernst-Planck equation from molecular dynamics, two reasonable, but very important approximations need to be made. The first one is that solvent degrees of freedom (i.e. degrees of freedom from water molecules) can be integrated out, thereby resulting in a Brownian Dynamics equation set with an effective viscosity and ionic diffusivity. The stochastic Brownian Dynamics simulations are then directly converted into an equivalent Fokker-Planck equation, wherein the potential includes ion-ion interactions. The second approximation is the Smoluchowski approximation that allows for integrating out over the momentum distribution in the Fokker-Planck equation, thereby resulting in the Poisson-Nernst-Planck equation. This approximation is not strictly valid for graphene nanopores, due to their small thickness, but the number of scattering events for a translocating ion is large enough that one would expect that the ion is properly thermalized at each transmembrane coordinate.
Therefore, use of Poisson-Nernst-Planck can provide a reasonable approximation of ionic transport across ion channels, if the correct transmembrane potentials are used. This approximation is widely used in simulations of transport in ion channels. For most protein channels, accurate computation of the transmembrane potential is challenging due to the complex three-dimensional structure of the nanopores. Our method of computing the transmembrane potential is detailed in Sections IIc and IId, and takes into account both electrostatic and dehydration effects. The calculation of the transmembrane potential did not take into account the electronic polarizability of graphene in response to the ionic environment. Also, this method considers only transport across the nanopore, and does not include coupling to Poisson-Nernst-Planck equations in the bulk 9 .
There are furthermore several papers which detail how the three dimensional potential should be used in continuum formulations to include sub-continuum effects 9, 10, 33, 34 . In particular, the methodology involves (1) computing a free energy / potential field that is a function of an arbitrary position of the ion in the nanopore (Main Text, eqn. 1), (2) integration over the nanopore cross sectional degrees to obtain a potential of mean force (Main Text, eqn. 2), and (3) use of this averaged potential of mean force in a onedimensional Nernst-Planck equation (Main Text, eqn. 3). We again note that while this procedure would still be relatively non-trivial for complex three dimensional protein structures, it is relatively straightforward for an atomically thin membrane. We also assume that all our nanopores are cylindrical for the sake of simplicity, although in reality this is not the case.
Finally, if we neglect ion-ion electrostatic interactions within the pore (see Section IIe for a discussion of why this is a reasonable first order approximation), the current density has an analytic solution for an arbitrary (but known) function 9 :
10 (S2)
Note that since the potential is averaged across the radial coordinate in the statistical mechanics sense, we can directly multiply the above flux by the pore cross-section area available for ion translocation to obtain the ionic current through the pore without having to worry about radial inhomogeneity in the current density. This area has a radius of the pore radius minus the ion radius due to the steric repulsion between the ion and the carbon atoms in the graphene lattice. 
Volume of an ion's first hydration shell that is excluded based on its coordinates in the nanopore
The hydration energy of ion type i 
Ion Dehydration Energy
The effects of ion dehydration on the I-V characteristics were calculated by first computing a dehydration free energy penalty as a function of the ion's position (r, z) in the nanopore. At each spatial coordinate in the graphene nanopore, the volumetric portion of the ion's first hydration shell (Supplementary Table 1 ) that was physically excluded by the graphene membrane was computed through Monte Carlo integration. The hydration shell is computed with a radius determined by the distance between the ion and the first water molecule (R M-O ) plus one Angstrom 35 to account for the distance from the oxygen to the hydrogen in the water molecule. To avoid including hard-sphere repulsion between the graphene and the ion, the spatial coordinates accessible by the ion were considered to be R P -R I . Second, a position-dependent free energy penalty was computed from the excluded volume 10 . Due to the lack of consistent data across the five different salt types, a linear relationship was assumed between the excluded volume and the hydration energy:
Corrections to this equation generally arise from many-body interactions between water molecules in the hydration shell, and between water molecules and the ion, and require density functional theory to estimate. The results from such simulation usually indicate that the linear approximation overestimates the hydration energy penalty for the first one or two water molecules removed from the hydration shell. Thus, the linear approximation is considered a reasonable first approximation.
Supplementary Figure 3:
Comparison between different conductance models: (a) access resistance only , (b) analytical scaling of Molecular Dynamics , and (c) the subcontinuum modified Nernst-Planck equation . It is clear that the differences in conductance between the analytical MD scaling 8 and the Nernst-Planck is small at larger pore sizes, but is significant for smaller pore sizes. The original paper on the MD approximation states that the analytical scaling developed in Suk et al. 8 breaks down for smaller pore sizes. However, the error is much smaller when the conductance-diameter relationship is applied for deducing the nanopore diameter from current rather than the other way around.
Electrostatic Interactions
To compute the electrostatic potential, , we compute the electrostatic interaction between an ion with position , , and a ring with charge in the nanopore located at ! using classical electrostatics. The distances between the ion and the charge is small enough that the dielectric constant needs to be explicitly calculated based on the distance between the ion and each differential part of the line charge 10 .
(S5)
Equations 1 and 2 (from the Main Text) are then used to convert the hydration free energy and electrostatic interaction into a potential of mean force for use in the Nernst-Planck equation. The final contribution to the potential that an ion feels is the applied electric potential.
Supplementary
For a voltage drop V across the nanopore, the potential is given by:
For reasons discussed in section IIf, the theory here does not consider electrostatic interactions between ions, which otherwise would have added a pairwise interaction term between all ions in the nanopore into the potential, or would require mean-field approximation that is not valid for the small number of charges in this study.
However, to clearly differentiate the nanopore potential from the external potential, the voltage dependent external potential is written explicitly everywhere. When computing current voltage curves, the applied voltage is set to V, and the current is calculated using the expression in the paper (Equation 3 ).
∫ When an external voltage, V ext is applied across the reservoirs, the voltage drop V across the nanopore is strictly not equal to the external voltage due to additional dissipation that occurs upon transport of ions to and from the nanopore. This dissipation is typically called the access resistance. Figure 1h in the paper plots the access resistance compared to the expected nanopore resistance for uncharged nanopores. While the access resistance is comparable to the nanopore resistance at a 2 nm diameter, it becomes small compared to the nanopore resistance for pores below 1.5 nm diameters.
Therefore, when computing I-V curves -which deviate from linear as the nanopore diameter decreases -the access resistance is not included, and the voltage drop across the nanopore is assumed to be equal to the externally applied voltage.
Concentration Boundary Conditions
To numerically solve the Nernst-Planck equations, we need to specify the boundary conditions. When using a model that does not consider electrokinetic transport outside the nanopore 9,40 , the typical assumption is to have the concentrations at the boundary equal to the bulk concentrations. However, we note that in the absence of an applied voltage, the ion flux through the graphene nanopore must be zero. For an asymmetric nanopore potential, setting the boundary concentration to bulk causes the channel to act as a pump in the absence of any supplied energy.
To resolve this issue, we note that just outside the nanopore, there are a large number of ions, and we would expect that the concentration at the pore entrance would be modulated by the difference in potential between the pore entrance and bulk, and that at equilibrium the two concentrations would be related by the Boltzmann distribution. As the potential at the boundary (nanopore entrance) is known, we can use the concentration boundary conditions: ( and ) of the nanopore as given by:
Where and are the bulk concentrations on either side of the graphene membrane.
Nanopore Occupancy, and Implications on Electrostatic Mean Field (i.e. Poisson equation)
As a result of the extra-ordinarily small size of ion channels, recent work has indicated that using the Poisson-Nernst-Planck equations in ion channels overestimates electrostatic screening by assuming that ions interact through a fully developed mean field 41 . In particular, we note that when the number of ions in an ion channel is less than 3 -4, the PNP equation set is likely to significantly over-estimate ion-ion interactions. In the following calculations, we show that the number of ions in a graphene nanopore is very small (for reasonable geometry and concentrations). On this basis, we decide to The atomic thickness of a graphene nanopore, , obviously has implications on the number of ions that may be present in the nanopore. For a given nanopore diameter, ! , the volume of the nanopore is given simply by: ! = ! ! 4. The table below computes this value, for several different nanopore diameters, and the number of ions for a given ion concentration in the nanopore. These calculations are to give an understanding of what kind of ion occupancy might be expected, and consequently, to what extent ion-ion interactions might play a role. Assuming a homogeneous concentration of ions in the nanopore of ! , the total number of ions in a nanopore can be estimated by: Table 2 : Computed number of cations in a graphene nanopore when the concentration in the pore is equal to the concentration in bulk.
Diameter (nm)
Nanopore Volume ! (nm 3 )
Number of K + Ions
! (400 mM)
! (1 M) From Table 2 , it becomes evident that if both anions and cations are present in the nanopore at the same time, concentrations larger than roughly 3 M can exist only if a dehydration penalty is incurred. The implication, therefore, is that when a graphene nanopore has a diameter less than 2 nm, the number of cations (or anions) in the nanopore is likely to be less than one, especially if there is no local enhancement of concentration inside the nanopore (compared to bulk). The simulation results by Suk. et. al. indicate that the concentration in the nanopore should be lower than bulk on account of the dehydration penalty for an ion to be present in the nanopore. Therefore, in the absence of surface charge, the approximation of roughly unity occupancy of the nanopore is barely a simplification.

Supplementary
Surface charge on the perimeter of the graphene nanopore, however, may act to locally increase the ion concentration compared to bulk. In general, the excess number of ions in the nanopore is not likely to exceed the net surface charge divided by the ion valence. Furthermore, given the atomic thickness of graphene, it is possible for charge on the nanopore to be partly screened by ions outside the nanopore. However, given that the charge on the pores is extremely small (typically on the order of 1 electron charge, see Table S4 ), mean-field theory is inadequate and we account for the effect of the charge by relating the bulk concentrations to pore entrance concentrations using Equation S8. This equation implicitly assumes that the potential decays to its bulk value away from the pore.
The Membrane Potential
When the salt concentration is different on either side of the nanopore, a net diffusive current of ions occurs. If the nanopore exhibits charge-based selectivity, then a higher flux of the cation (or anion) will occur compared to the anion (or cation). The resulting transport imbalance will lead to the buildup of an electric potential across the membrane until the net flux of ions across the nanopore goes to zero.
It is possible to use the model to compute the resting potential for the membrane by setting the total current to zero (Eqn. S2) and the definition of the concentration boundary conditions (Eqn. S7):
(S8)
All quantities in the equation S8 are known for a given nanopore, and therefore, the one equation can be solved directly to obtain the resting membrane potential.
Finding Best Fits
Inferring nanopore properties from I-V curve measurements is an inverse problem. To find the nanopore radius, charge, and charge position that best fits the observed I-V characteristics, we created a database of 21483 I-V curves spanning a combinatorial space of nanopore properties (33 radii values from 0.4 nm diameter to 2 nm diameter, 31 charge values from 0e to 10e, and 21 charge positions from -0.5L to 0.5L). The measured I-V curve was compared with each of the simulated I-V curves, and the simulated I-V curve with the minimal residual was selected. The nanopore properties that generated the simulated I-V curve were then recorded as the best fit to the measured I-V curve.
It is important to note that the absolute conductance decreases very strongly on the nanopore diameter. When fitting a given I-V curve, only a narrow range of simulated diameters can provide the right range of conductances. As a result, the uncertainty in the least-squares fit is very small (i.e. it is highly improbable that a vastly different nanopore geometry resulted in a similar -though marginally less favorably fit -I-V curve. Figure 4 : I-V Curves at 1 M KCl across the ten sampled graphene areas reported on in this publication.
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When modeling the transport of neutral salts, the effects of the H + and OHconcentration on the ionic current have been neglected. The H + and OHconcentrations affect the conductance in two ways. First, these ions can directly transport across the nanoporethereby increasing the conductance. Second, the pH of the solution can change the ionization of functional groups on the graphene nanopore.
The pH of the solutions used is slightly acidic (~5.65) as a result of equilibrium with dissolved carbon dioxide. When the neutral salts are dissolved into the solution, hydrolysis typically decreases the solution pH. To estimate the effects of hydrolysis, the effect of pH changes from the weakest neutral salt used, BaCl 2 , are estimated. At 50 mM, hydrolysis upon mixing BaCl 2 is expected to change the pH of the solution to roughly ~5.6 42 , while CaCl 2 is expected to change the pH to roughly 6.8 and MgCl 2 to a pH of 6.2 (calculated from respective equilibrium constants 43 ). To obtain a lower bound for the pH, it is assumed that the barium concentration does not decrease the solubility of dissolved carbon dioxide, and add the H + concentration from dissolved CO 2 to the H + concentration from hydrolysis from BaCl 2 . From this calculation, a lower bound of 5.3 is obtained for the pH after hydrolysis.
Even when taking into account the high mobility of a H + ion, transport of protons contribute minimally to the total current (in comparison to the current from the cations in the dissolved salt). Therefore, the more important effect of the H + concentration is on the ionization status of the nanopore.
We compare the lower bound of the pH (5.3) to the pKa of relevant chemical moieties. For example, the carboxyl group on benzoic acid has a pKa of 4.2, and acetic acid has pKa of 4.7. The carboxyl groups on graphene oxide, which should be most representative of the experiments reported here, have a pKa of 4.3 44 . In comparison, the epoxide groups have a pKa of 6.6 and the hydroxyl group a pKa of 9.6. Therefore, variations in pH in the range of 5.3 -5.8 caused by hydrolysis of different salts are not expected to change the nanopore ionization status.
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Concentration Polarization
Ions that transport across the nanopore have to transport from bulk on one side to the entrance of the nanopore, and then transport from the exit of the nanopore back into bulk. The resistances associated with this transport in the spatial domains exterior to the nanopore are termed the access resistance.
At low voltages, the access resistance of each side (either L or R) is given by . Figure 1 in the main text provides a comparison between the access resistance and the nanopore resistance for pores in graphene. For graphene nanopore diameters below 2 nm, the nanopore resistance increases significantly (see Fig. 1 ); with the result that the access resistance quickly becomes small compared to the nanopore resistance.
As the voltage and current through the nanopore increase, the concentration of each permeable ion decreases (depletes) at the entrance and increases (enhancement) at the exit. The resulting concentration gradient acts against the applied voltage to decrease the net current in a phenomenon called concentration polarization.
As the voltage increases, concentration polarization occurs, and eventually is expected to result in a saturation of the current through the nanopore.
When there is only a concentration gradient driving transport between the nanopore and the bulk solution -and no electric field -there is a diffusive current that drives ions to the nanopore. The maximum diffusive current through a nanopore is called the diffusion limited current, and for a single ion is given by:
(S10) Assuming a neutral nanopore in a symmetric electrolyte, each ion provides the same current limit, resulting in:
(S11)
In the presence of an applied voltage increases, a concentration polarization occurs. Concentration polarization depletes the concentration of ions at the entrance of the nanopore, and the steady-state current through the nanopore can only be sustained if ions from the bulk electrolyte transport to the nanopore at a sufficiently high rate. A common approximation is to assume that the electric field in the bulk is small, so that the maximum rate at which ions can be transported from bulk to the depleted region at the entrance of the nanopore can be estimated by the diffusion limited current.
In reality, the transport rate from the bulk to the nanopore is higher than the diffusion rate due to the contribution of electric field in addition to the concentration gradient. This is especially relevant to graphene nanopores where the size of any ion depletion region is comparable to the Debye screening length, implying that a significant electric field contribution will exist. The limiting current through the nanopore without assuming that the electric field in the depletion region is zero is called the electrodiffusion limited current. This electrodiffusion limited current furthermore is typically higher than the diffusion-limited current owing to the (1) the electric field driving ions towards the nanopore, (2) the slope of the electric potential at the nanopore mouth due to any nanopore charge, and (3) the possibility that the capture radius is larger than the nanopore radius (common in biological ion channels) 45 .
As the calculation of the exact numerical value for the electrodiffusion limit is non-trivial even when the significant simplifying assumptions are made 40 , we estimate whether concentration polarization is an issue by assuming that the diffusion limited current is indicative of the current at which the nanopore will saturate. In reality, the diffusionlimited current is a lower bound for the electrodiffusion limited current, and this analysis will therefore predict current saturation at lower voltages than will likely be found in the real system.
For a given nanopore, if its conductance ( G pore ) is below a value of
) , then concentration polarization can be neglected safely
as the limiting current is not reached within the experimentally used voltages. When the nanopore conductance is greater than G max,200mV , then concentration polarization may have a larger role -if the electrodiffusion limited current is the same as the diffusion limited current ( Figure S7 ). We find that nanopores above 1.1nm diameter may be affected by current saturation, whereas nanopores with diameter below 1.1nm are not likely to be affected significantly by concentration polarization and saturation.
In the context of this paper, the two most important questions are whether concentration polarization can (1) affect the experimentally measured conductances, and (2) account for the nonlinear behaviors measured in the I-V curves. For the first point, we note that the experimentally conductances were measured at voltages below 40 mV -where concentration polarization is minimal. Therefore, the variation in the conductance over nearly three orders of magnitude cannot be explained by concentration polarization, and in fact, concentration polarization is expected to have a minimal effect on the conductance as measured here. For the second point, we note that most of the experimentally measured I-V curves have nonlinear behavior that begins to appear at voltages as low as 60 mV. Concentration polarization -and current saturation -would be significant only if the diffusion limited current is reached at voltages as low as 60 mV. Thus, we also compare the nanopore conductance to the required conductance to see saturation at 60 mV, termed G max,60mV = I diff V max = 60mV (
) . We find that only when the graphene nanopore diameter is greater than 2 nm is it possible for concentration polarization to cause observable nonlinearities at voltages as low as 60 mV.
Since all of the nanopores measured have estimated diameters below 1.1 nm and upper bound diameters below 1.6 nm (Table S4) , it is unlikely that either the conductance or nonlinearity of the graphene nanopores are significantly affected by concentration polarization.
We also note that since the graphene nanopore size is much smaller than the SiN x pore over which the graphene is suspended, transport across the SiN x pore does not limit the current through the graphene nanopore. The diffusion limited current for a single species for the SiN x pore is given by , which is much larger than that for the graphene nanopore (Eqn. S9). l
Effect of Electric Potential on the Local pH
The proton concentration (pH) can determine the ionization state of any functional groups on the nanopore. By altering the electrostatic potential for ions in solution, the ionization state of the functional groups can have a significant impact on the conductance (Equations 1, S5). The electric potential and dehydration free energy profiles inside and near the nanopore can cause the proton (and ion) concentrations to deviate from their bulk values. Thus, though the proton concentration in bulk is known (Supp. Mat. IIj), the potential near and inside the nanopore influences the local pH.
Inside the nanopore, deviations from the bulk proton concentration can be estimated by evaluating an analytical expression for the concentrations of ions inside the nanopore (see equation 16 in Luchinsky et al 9 ). To illustrate how the applied voltage, dehydration barrier and nanopore charge affect the concentration of anions and cations under the transport model used (Eqns 1 -3) , we simulated concentrations under three different conditions for a 1 M KCl bulk concentration on each side of the pore ( Figure S8 ). The results indicate that a large applied voltage bias clearly perturbs the ionic concentrations in the pore. Other observations are that the dehydration penalty consistently causes a decrease in the concentration of cations and anions in the nanopore compared to the boundary conditions (Equation S7). The addition of negative charge on the nanopore significantly enhances the cation concentrations; however, for small pores (a 0.8 nm diameter pore simulated in the figure) the concentrations are still lower than bulk.
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We can therefore conclude that the concentration of ions and protons inside the nanopore are modulated by the applied voltage bias. The concentration of of protons -owing to differences in ion hydration and size -will generally be different than K + concentration, but will exhibit the same trend with applied voltage as the K + concentration.
Another consideration, though it does not directly relate to the ionization state of the nanopore -is the proton concentration near the mouth of the nanopore and everywhere else in the bulk. The proton concentration outside the nanopore can be calculated from the local electric potential and total proton flux 40 . If the potential drop from the bulk to the nanopore mouth is large, then the proton concentration at the mouth of the nanopore can similarly be large. From the discussion on concentration polarization (Supp. Mat. IIk), the potential drop across the bulk to the nanopore is small (less than k B T at the maximum applied voltage of 200 mV). As an example, a k B T potential drop across the reservoir would correspond to an enhancement or depletion in the proton concentration by a factor of 2.3, or a change in pH of 0.3.
Though this change in pH may be important when the applied voltage is much larger than k B T -and the potential drop across the bulk reservoir begins to exceed k B T -it is highly unlikely to affect the conductance (which is measured at voltages below 40 mV) and the global nonlinear behavior (which usually becomes apparent by around 60 mV).
III Additional Data and Discussion
a Activated I-V Curves at 100 mM for Different Cations Supplementary Figure 9 : Examples of activated I-V curves for each of the five salts (curves also display some asymmetry). All of the experimental data (blue dots) have best fits (green lines) that closely match the activated behavior.
b
Power Spectral Density Analysis for Stochastic Switching
For discrete states caused by protonation, the power spectral density, S I has the following form 29 :
Where is the power spectral density at zero frequency (and typically is a function of the pulse amplitude and rate), f is the frequency, is the mean duration of the events, and is a power for the product in the denominator. The value of n is usually 2 for an uncorrelated pulse train in a perfect two level system without noise, but may be different depending on the specific kinetics that determine the state transition probabilities and in the presence of additive flicker noise. Power spectral densities were fit to this form of the power spectral density, with a value of n = 1.37. This value was chosen to match the decay in the PSD after the corner frequency ( Fig. 4H shows that this value provides good agreement with experimentally observed PSDs). Table 4 indicates values for the other fit parameters used in this model for the current curves taken between -450 mV and -750 mV in Figure 4A . The relatively consistent value of across multiple voltages suggests that the timescale for the return to the baseline conductance pore state (i.e. ON à OFF timescale) does not change significantly with voltage.
In the context of protonation-deprotonation, the conductance of a charged (deprotonated functional group) nanopore is higher than an uncharged (protonated functional group)
nanopore. Therefore, the ON state corresponds to the charged nanopore, the OFF state the uncharged nanopore, and the ON à OFF timescale corresponds to the timescale for a functional group to become protonated. For the data represented in Fig 4e - g, the PSD is fit with n = 2.5.
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Alternative Hypotheses for Stochastic Switching
In addition to protonation of a functional group, several other mechanisms have been reported for stochastic switching in solid-state nanopores, including nanoprecipitation, coherence resonance, and bubble nucleation. Each of these three is discussed systematically. We find that, with the exception of protonation/deprotonation, none of the other mechanisms can satisfactorily account for the observed stochastic switching behavior.
Nanoprecipitation
One report indicates that nanoprecipitation can result in real-time fluctuations in ionic current across a nanopore resulting in a similar Lorenzian shape in the power spectral density 46 . The precipitating salts are weak divalent salts -usually a divalent phosphateand nanoprecipitation is initiated by a negative pore charge due to the low solubility of the phosphate ions. The paper states that "the formation of precipitate is observed as a voltage-dependent blockage of the ion current passing through the nanopore" 46 .
However, in comparison, no weak salts were used in our experiments where stochastic switching was observed. Furthermore, the observed switching behavior in graphene nanopores corresponds to an increase -not a blockage -of the current. Nanoprecipitation therefore is highly unlikely to cause the observed stochastic switching in graphene nanopores.
Coherence Resonance β τ
Coherence resonance has also been implicated in real-time ionic current fluctuations in ultra-long (500 µm) carbon nanotubes, and results in a distinct peak in the power spectral density near the resonance frequency 47 . The resonance frequency is on the order of timescale for ions to travel to the carbon nanotube, and the timescale for ions to travel through the nanotube.
Compared to the carbon nanotubes in that paper, graphene nanopores are nearly 10 6 times shorter. The ion transit times through a graphene nanopore are therefore orders of magnitude shorter (on the order of nanosecond) than the timescales for ion transit through a carbon nanotube and the timescale for ion transport to the nanopore. Furthermore, the power spectral density in the presence of switching does not display a peak corresponding to a resonance frequency. Therefore, it is highly unlikely that the same coherence resonance mechanism is the source for the stochastic switching observed through graphene nanopores.
Bubbles
Nanobubble nucleation has been found to significantly increase 1/f noise in nanopores 48 and result in distinct changes in conductance in pores with diameters in the range of 100 nm to 2 µm that exhibit µS conductances 49 . Similar to nanoprecipitation, nucleation of a nanobubble in the graphene or silicon nitride nanopore results in a decrease in the conductance.
Stochastic switching from nanobubbles occurred as a result of large heating in those studies; similar heating cannot occur for the small conductances of graphene nanopores and the low voltages used in this experiment, which are estimated to yield temperature changes less than ~0.1 K. In smaller nanopores, 1/f noise was observed, but not stochastic switching.
Furthermore, the stochastic switching observed in graphene nanopores results in an increase in the conductance, compared to a decrease in conductance from nanobubble nucleation. Furthermore, all solutions used in the experiment were degassed. Thus, for the nS conductances and low voltages reported in this paper, bubble nucleation from superheating is not expected to cause stochastic switching.
Current Rectification with a Ruthenium Salt
To verify that size based exclusion plays a role in our measurements, we designed a set of experiments that used a large Ruthenium based salt, Tris(2,2'-bipyridyl) dichlororuthenium, (1.26 nm diameter) with chloride as the counter ion. These experiments were performed after all other experiments to rule out the possibility of any effect of the Ruthenium based salt on the conductances measured for the other cations. These experiments were also performed at lower salt concentrations (10 mM of the Clion).
If transport were indeed occurring across a pore with small diameter, the Ruthenium ion would have a very low permeance across the nanopore, which would result in very strong rectification in an experiment when KCl is placed on one side of the membrane and the Ruthenium salt on the other. As expected, strong rectification was observed in the three devices tested (see Table S6 & Fig. S10 ), indicating that the Ruthenium ion salt was either highly or completely impermeable. The degree of rectification was significantly higher than has been observed when other cations (such as Li + or Mg 2+ ) were placed on one side and K + on the other. The observed rectification cannot originate from the concentration difference of Ru(bpy) 3 2+ compared to the K + ion. The non-zero chloride ion permeance will -to first approximation -add a roughly similar conductance at both polarities of the voltage and effectively reduce the rectification ratio as compared to a perfectly cation-selective nanopore. The high rectification ratios observed therefore suggest that the Ru(bpy) 3 2+ is virtually impermeable to the graphene nanopores owing to its 1.26 nm diameter. This observation supports the conclusion in this paper that the graphene nanopores being measured are below 2 nm in diameter. Figure 10 : I-V curves for KCl and Ru(bpy) 3 Cl 2 on either side of the membrane (10 mM Cl -) for devices 3,4, and 8.
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